Hematopoietic stem cells (HSCs) have the ability to self-renew and generate all lineages of blood cells. Although it is currently well established that HSCs regenerate the blood compartment, it was only in the 1960s that the notion was introduced that multipotent progenitors can be found in the adult bone marrow (BM) and are responsible for the continuous production of blood cells throughout life. It is difficult to overestimate the influence this pioneering work, by investigators such as Metcalf, Till and McCulloch, has had on HSC biology. [1] [2] [3] Since then, research from many different laboratories has contributed to the phenotypic and functional characterization of HSCs and, currently, the blood system constitutes a paradigm for understanding stem cell biology. HSCs are located at the top of a hierarchy of lineage-specific progenitors that differentiate in an ordered manner towards fully mature blood cells (Figure 1 ), thereby undergoing a stepwise loss of multilineage potential, and becoming progressively committed to a single hematopoietic lineage. Several evolutionarily conserved pathways, including Wnt, Notch, Hedgehog, TGFb/SMAD and several others, regulate self-renewal, differentiation, proliferation, apoptosis and senescence of HSC. This article serves as an introductory text to a series of spotlight reviews each of which discusses one of these pathways that have been implicated in HSC biology.
Hematopoietic stem cells
HSCs are functionally defined by their ability to mediate longterm (LT) repopulation after transplantation. [1] [2] [3] The strictest version of this functional definition requires that HSCs have to be re-transplantable in serial recipients, while retaining both self-renewal and multilineage differentiation capacity. 4, 5 In the mouse, HSCs can be found in the BM within a rare population defined by the absence of lineage-specific markers and high expression levels of stem-cell antigen 1 (Sca1) and c-Kit. Therefore, this BM subset is known as Lin
As only a small fraction of the Lin À Sca1 þ Kit þ cells contain LT repopulating capacity, additional markers have been introduced to subdivide this heterogeneous population. LT-HSCs containing LT repopulating activity are CD34 À , fms-related tyrosine kinase 3 (Flt3) À CD48 À and CD150 þ . Short-term-HSCs, which have only limited repopulation capacity, are CD34 þ and Flt3 À , and multipotent progenitors that have lost self-renewal but retain multilineage differentiation potential are Flt3 þ and CD34 þ . [8] [9] [10] In addition to cell surface markers, HSCs can be identified by their ability to efflux fluorescent dyes such as Hoechst 33342. This property defines a subset named side population which is highly enriched for LT-HSCs. 11 The basic principles of mouse HSCs seem to also apply to human HSCs. Nevertheless, due to the lack of efficient in vivo assays, the correct definition and isolation of human HSCs has been more difficult. In humans, HSCs are enriched in the Lin À CD34 þ CD38 À cells, as assessed in the SCID-repopulating cell assay. 12, 13 However, different studies have revealed that expression of surface markers may change depending on the developmental stage and cell cycle state of these cells. 14 Studies in the mouse predict that the majority of HSCs in human cord blood and in the BM of young children are CD34 þ . Despite this, it is likely that, as in the mouse, a significant proportion of human adult HSCs do not express CD34. Thus, while CD34 selection constitutes a good method to purify human HSC from cord blood or after HSC mobilization, it may discard a sizable population of stem cells when applied to the BM of adult humans. 14 
HSCs self-renewal and differentiation
All stem cells are characterized by having multilineage differentiation potential on a single-cell basis, which is defined by the capacity to give rise to a differentiated progeny comprising different cell types, and by their self-renewal capacity, which allows them to replicate while preserving their broad developmental potential. Precise regulation of these two processes is essential to sustain life-long blood production and to respond to external stresses like injury or infection. 15 A suitable mechanism to regulate the balance between selfrenewal and differentiation is by controlling symmetric and asymmetric cell divisions. Under homeostatic conditions, the number of stem cells in a specific tissue remains relatively constant. It is commonly assumed that this balance is probably achieved by asymmetric cell division, through which one daughter cell maintains the stem cell identity and the other becomes differentiated. This asymmetry can be achieved by unequal distribution of cytoplasmatic cell-fate determinants before cell division (divisional asymmetry). Alternatively, the two identical daughter cells can be exposed to different environmental signals after cell division, preserving stem cell fate in one daughter cell and promoting differentiation in the other (environmental asymmetry). 16 These processes have been elucidated most extensively in Drosophila and Caenorhabditis elegans. Although the molecules involved are highly conserved among species, these mechanisms still remain poorly understood in mammals and more specifically in HSCs. Initial studies in the hematopoietic system suggested that hematopoietic precursors in a pro-differentiation environment tend to divide asymmetrically, whereas precursors in a pro-renewal environment preferentially divide symmetrically [17] [18] [19] in order to increase the HSC pool.
Adult HSCs are mostly quiescent, with approximately 95% of them being in the G0 phase of the cell cycle. On the basis of the cycling behavior of the LT-HSCs, two populations were defined, one actively cycling and one dormant, which may constitute a reservoir of the most potent HSCs and which can be efficiently activated in response to injury. Indeed, the majority of multilineage LT activity was found in dormant LT-HSCs. 20, 21 Furthermore, the activation of dormant stem cells seems to be reversible, as actively cycling HSCs return to dormancy upon re-acquisition of homeostasis. 21 The maintenance of a dormant pool of non-cycling and metabolically inactive HSCs was suggested to be a protective mechanism against exhaustion of a limited self-renewal potential. 15 In contrast to LT-HSCs, their progeny are actively cycling and are responsible for the majority of the cell expansion required for the daily production of billions of blood cells.
Ontogeny of the hematopoietic system
Blood is a mesodermally derived tissue and may have its origin in a common precursor for both endothelial and hematopoietic lineages, termed the hemangioblast. [22] [23] [24] Defining the origin of the hematopoietic system is difficult because blood is a mobile tissue and hematopoietic cells emerge at different sites in the embryo and at different stages of the embryonic development, until the definitive hematopoietic organs are fully developed and ready to take over this function.
In the mouse, the first wave of hematopoiesis occurs in the extraembryonic yolk sac (YS) between embryonic days 7 (E7) and E8. This transient hematopoietic system is mainly oriented to red blood cell production. The erythrocytes produced in the YS at this stage do not get enucleated, and therefore are called primitive. Besides this, myeloid progenitors are also detected in the YS before circulation is established (E8), and are therefore generated in this location. 25, 26 After the first wave of primitive erythropoiesis, adult HSCs, functionally defined by their capacity to confer complete, LT and multilineage repopulation of the hematopoietic system of adult recipient mice, are first generated in the para-aortic splanchnopleura-aorta-gonads-mesonephros region and can be detected at around E10.5. 27, 28 These HSCs are located in the ventral region of the dorsal aorta, in association with the endothelium wall. 29 On the basis of this close proximity, it has been proposed that instead of a hemangioblast with both hematopoietic and endothelial potential, a 'hemogenic endothelium' lining the ventral aorta from which the HSCs emerge, could be the precursor of definitive HSCs. [30] [31] [32] [33] [34] Alternatively, a third model proposed that hematopoietic precursors located in subaortic patches migrate through the mesenchyme into the dorsal aorta. 35 Shortly after being generated in the aorta-gonads-mesonephros region, HSCs are detected in other tissues such as the YS, placenta and fetal liver. [36] [37] [38] Whether de novo generation or only expansion of HSCs occurs in the YS and placenta is still under debate. The fetal liver does not autonomously generate HSCs. Instead, hematopoietic cells migrating from the aortagonads-mesonephros region, YS and placenta colonize the fetal liver, which becomes the major hematopoietic organ until birth when BM hematopoiesis is established. 37, 39, 40 Analogous to the mouse embryo, hematopoietic development in the human embryo occurs in a similar manner 41 ( Figure 2 ).
Fetal versus adult HSCs
The fetal liver is the main fetal hematopoietic site for HSC expansion and differentiation. 42 Although hematopoietic progenitors with myelo-erythtroid potential can be detected in the liver rudiment as early as at E9.5, the first definitive HSCs only colonize the fetal liver at around E11.5. In the liver, the HSC pool expands rapidly. Quantification of this expansion revealed a 38-fold increase in competitive repopulating units between E12 and E16. After E16, the number of repopulating units declines probably due to massive exit of HSC to either the spleen or the BM 43 ( Figure 2 ). Whereas most adult HSCs are quiescent, fetal liver HSCs are actively cycling. Besides this, the self-renewal potential of fetal liver HSCs is also higher in comparison with BM HSCs, which are outcompeted in transplantation experiments. [44] [45] [46] Although this advantage can be explained by differences in the signals provided by the fetal liver and BM microenvironments, the differences in repopulation capacity observed when fetal and adult HSCs are transplanted in irradiated recipient mice also suggest the existence of inherent differences between them. 42 In addition, fetal and adult HSCs vary in phenotypic and functional characterization. Contrarily to adult LT reconstituting HSCs, fetal HSCs express markers such as Mac1 (CD11b) 45, 47 and AA4.1 (CD97). 48 Functionally, mouse fetal HSCs are able to generate Vg3 þ and Vg4 þ T-cells in response to the fetal thymic environment, whereas adult HSCs cannot, 49 and are more capable of generating B1 lymphocytes. 50, 51 Moreover, several Figure 1 Schematic overview of the hematopoietic developmental hierarchy. Self-renewing HSCs reside at the top of the hierarchy, giving rise to a number of multipotent progenitors that develop into mature blood cells through a step-wise process of lineage specification and commitment. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-monocyte progenitor; MEP, megakaryocyte-monocyte progenitor; MPP, multipotent progenitor.
Editorial regulators were found to be essential for adult HSCs, such as Bmi1, Tel/Etv6 and Gfi1, but not for fetal HSCs. [52] [53] [54] On the other hand, it was recently demonstrated that the transcription factor Sox17 is required for fetal and neonatal but not adult HSC function. 55 Moreover, gene-expression profiling demonstrated differences in adult versus fetal HSCs gene expression 56, 57 that may underlie the functional differences in adult versus fetal HSC.
In the last stages of gestation, cells start migrating to the BM. In the mouse, the transition from fetal to adult HSC properties happens 3-4 weeks after birth, when HSCs abruptly become quiescent 58 ( Figure 2 ). The functional differences that distinguish fetal from adult HSCs may be conferred by their unique microenvironments. Nevertheless, the mechanisms underlying these modifications are still largely unknown.
HSC niche
The existence of a specialized niche or microenvironment that promotes HSCs maintenance was initially proposed in 1978 by Schofield et al. 59 Already by this time, it was suggested that stem cells are seen in association with other fixed-tissue cells that prevent stem cell differentiation and ensure its continuous proliferation. However, only recently have advances been made to define their exact location as well as the molecular mechanisms by which they regulate HSCs. 5, 60, 61 HSCs are mainly found in BM cavities in the trabecular region of long bones. Inside these cavities they are positioned at the interface of bone and BM, known as endosteum, in close proximity to bone-forming osteoblasts. [62] [63] [64] A direct implication of osteoblasts in the regulation of HSCs was observed in studies in which an experimentally induced increase in the number of osteoblasts and trabecular bone area directly correlated with an increase in HSC pool size, but not in other hematopoietic cells in the BM. 64, 65 In agreement, depletion of osteoblasts in vivo was associated with reduced BM cellularity and extramedullary hematopoiesis. 66 Furthermore, osteoblasts secrete factors that regulate HSC maintenance, such as angiopoietin, thrombopoietin and the chemokine Cxcl12. 61 Despite these evidences, it still remains uncertain whether the endosteal interface represents a niche or if it only secretes factors that diffuse to nearby niches.
Besides the endosteal niche, a vascular niche in BM was also proposed upon observation of a large proportion of phenotypically defined CD150
þ HSCs attached to the endothelium of BM sinusoids. 9 This idea is not unexpected, as both lineages share a common embryonic origin and during fetal development HSCs are maintained in niches that do not involve bone. Moreover, adult HSCs can also be found in extramedullary organs such as the spleen and the liver, and hematopoiesis can shift to these locations for long periods of time in the absence of an endosteal niche. Although stem cells seem to localize close to sinusoids in the spleen, 9 these niches are still undefined, and non-vascular cells may also be essential to regulate HSC function in these locations. Similar to osteoblasts, perivascular cells also produce factors important for HSCs, such as Cxcl12. 67 However, this dual niche hypothesis was recently challenged by new in vivo imaging techniques showing that osteoblasts and vasculature are in close proximity in the BM cavities, indicating that distinct endosteal and vascular niches are not anatomically feasible. 68 In addition, the fact that osteoblast depletion results in extramedullary hematopoiesis 66 suggests that a vascular niche alone is not sufficient to maintain hematopoiesis. Therefore, it is possible that rather than two different niches, vascular cells may have important roles in regulating HSCs near the osteoblasts, constituting a niche composed of different cell types.
5,61
The stem-cell-niche synapse Many molecular and functional evidences suggest the existence of a complex molecular cross-talk between HSCs and the niche cells in their close vicinity, leading to the definition of one adhesion and signaling unit termed 'stem-cell-niche synapse', in analogy to the neuronal and immunological synapses. 5 A wide variety of factors are involved in this synapse, and they mediate mainly two types of interactions. They promote adhesion between both cells and to the extracellular matrix, in order to maintain both cells in close proximity, and they promote activation of specific signaling pathways that influence HSC fate decisions, survival and proliferation. The activation of signaling pathways can be mediated by direct cell-cell interactions through binding of membrane-associated ligands and receptors, such as Notch signaling, or by binding of soluble factors to specific receptors located both on the HSC and on the niche cell, such as Wnt, Smad/TGF/BMP/Activin and Hedgehog signaling, and also hematopoietic cytokines like stem cell factor, which binds to the Kit receptor, and thrombopoietin, which binds to the Mpl receptor. 5, 60 Studies from many different laboratories implicated several evolutionarily conserved signaling pathways in the regulation of HSC function. All these pathways regulate important aspects during development and have been shown to be involved in cell-fate decisions and in the maintenance of stem cells in different tissues. These include the Wnt, Notch, Smad and Hedgehog pathways. Because of the highly redundant nature of these signaling routes and because of complex synergistic and antagonistic interactions between them and other signals, the precise function of these pathways has remained vague and frequently highly controversial. While generally in vitro assays and in vivo gain-of-function assays show that these pathways regulate HSC function, in vivo loss-of-function of key components of these pathways, such as b-Catenin (Wnt), Rbpj (Notch) and Smoothened (Hedgehog), suggests that none of these pathways is essential for HSC function. 60, [69] [70] [71] [72] These issues will be further discussed in the subsequent articles of this series of spotlight reviews in Leukemia.
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